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Abstract 
It is well known that wetting plays a crucial role in many processes due to its impact on the emerging adhesive 
forces. In general, high wetting angles between solid and liquid lead to higher adhesive forces and vice versa. For 
ideal systems the calculation of these adhesive forces is possible using analytical approaches for van der Waals and 
polar forces. But there is still a lack of knowledge how to consider impacts like roughness and irregular shape of the 
solids during the calculation. 
 
The present paper aims to show the correlation between wetting behaviour and adhesive forces for non-ideal 
systems. Therefore, a model system is created wherewith the wetting angle can be changed in a high range. Coated 
alumina particles are used as solids in this model system. The coating leads to a low surface energy and 
consequently to a high wetting angle to water of 105°. The wetting angle is reduced by adding ethanol to the 
aqueous phase and thus the influence of wetting on the adhesive force can be investigated. 
 
To correlate the wetting angle with the adhesive force, both of them must be measured. Using a substrate with the 
same surface coating as the used particles the sessile drop method for the determination of the wetting angle can be 
applied. Subsequently, the calculation of the interfacial energy, which should be linked up directly to the adhesive 
force, is possible. The adhesive forces are determined directly by using an atomic force microscope (AFM). 
Therefore, a coated alumina particle is glued on the end of the cantilever to measure the particle-substrate force 
directly. The particle and substrate are entirely submerged into the surrounding liquid.  
 
As confirmed, measurements of the wetting angle show a decrease with higher ethanol fractions. This is due to the 
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lower surface energy of ethanol compared to water. Furthermore, the results show a selective adsorption of ethanol 
to the solid surface. This leads to an increased surface saturation of ethanol depending on the concentration in the 
liquid which can be described with a Langmuir isotherm. AFM measurements show a variation of adhesive forces 
caused by the high roughness of the substrate. This can be described with statistical distributions. Parameters of this 
distributions show a correlation to the ethanol saturation. Semi-empirical approaches using van der Waals and polar 
forces confirm this behaviour.  
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1. Introduction 
Interaction forces or energies between particles or particles and a substrate in a liquid are a main influence factor 
in most fields of process engineering. The prediction of these forces is possible with the aid of the so called extended 
DLVO (XDLVO) theory which combines disperse, polar and electrostatic forces. Furthermore, especially in poor 
wetting systems, a capillary bridge occurs due to nano-bubbles which increases the attractive force. 
 
Disperse, or van der Waals forces between the materials can be calculated if the geometries are known and the 
surfaces are smooth. To estimate the influence of roughness several models has been created. Rumpf developed a 
model in which a small hemisphere is added onto one of the interacting particles. Due to this hemisphere the 
distance between the particles increases and the attractive forces decrease [1]. The Rabinovich model simulates the 
roughness by spherical caps at the substrate. These caps can be correlated to the rms-roughness of the substrate 
which can be measured for example with an atomic force microscope (AFM)  [2,3]. The models are able to predict 
the order of magnitude of the adhesive forces if the roughness is in nanometer scale [4].   
 
Polar forces as described by van Oss can be calculated from the polar parts of the surface energies of the 
participating materials by given geometry and smooth surfaces [5]. Up to now no analytical models are available to 
calculate the polar forces at rough surfaces. 
 
Capillary bridges due to nano-bubbles at the surfaces of the interacting materials are able to enhance the adhesive 
forces significantly. At smooth surfaces nano-bubbles can be created by supersaturating of the liquid by temperature 
change or liquid exchange [6]. Onto rough surfaces, the same mechanism should work similarly to create nano-
bubbles, but the direct detection with phase-contrast AFM is not possible due to the superposition of the phase-
contrast and topography signal [7].  
 
Aim of this paper is the indirect detection of nano-bubbles by the use of force / distance curves measured with an 




ܣ surface area  
ȟܩ free energy of interaction 
݈଴ minimum distance between the interacting materials 
ݎ radius 
ܵ୉ surface saturation of ethanol at the liquid / solid interface 
ݔ୉ mole fraction of ethanol in the bulk liquid 
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ߛ surface or interfacial energy 
ߣ decay length of the polar interactions 
 
2. Material and Methods 
The force / distance curves where obtained with an AFM XE-100 from Park Systems, South Korea and the 
colloidal probe technique as described in [8,9]. Thereby a spherical alumina particle is glued onto the end of the 
cantilever to measure directly the force between the particle and alumina substrate. Figure 1 shows a topography 
picture of the substrate scanned with the AFM. 
Both, the particle and the substrate are coated with the silane Dynasylan F 8261, Evonik Industries Germany, 
which has a PTFE-like functional group. This decreases the surface energy and creates a poor wetting behavior to 
water. By the addition of ethanol to the water, the wetting can be improved. This allows the investigation of the 
influence of wetting on the adhesive force and energy.  
 
For each parameter set-up five test run with 256 force / distance curve at several points at the substrate where 
measured. This is necessary due to the high roughness which leads to a wide-ranged distribution of forces [10]. 
Afterwards the obtained curves are classified in capillary and non-capillary interactions by several criteria. In the 
case of capillary interactions caused by gas bridges between the substrate and particle the force / distance curves can 
show long range snap-ins during the trace which must be caused by a capillary interaction. Also during the retrace a 
stepwise reduction of force can be seen as shown on the left side in figure 2 which is the major characteristic of 
capillary interactions at rough surfaces.   
Figure 1: 15 μm x 15 μm topography scan of the used rough substrate 
Figure 2: Measured force / distance curves in the case of a capillary interaction (left) 
and non-capillary interaction 
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This is due to the pinned contact line of the capillary which leads to local force minima until the contact line 
moves one step further and the force increases again until the capillary cracks. On the right side only a singular pull-
off can be seen which can be interpreted as a non-capillary interaction. Using the pull-off force, defined as the 
minimum of the reached force in the force / distance diagram leads to the problem, that a capillary interaction has 
several local minima.  
 
One solution of this problem is the numerical integration of the obtained curve which is shown by the hatched 
areas in the diagrams. This leads to the energy of interaction which is necessary to separate the particle from the 
substrate. 
 
All obtained force / distance curves where analyzed with the aid of a programmed MATLAB routine. Within this 
routine the numerical integration of the curves is done to determine the adhesive energy. It is also used to split the 
measured curves in capillary and non-capillary interactions. Therefor the curves where scanned for long-range snap-
ins or multiple force minima during retrace which both indicates capillary interactions.   
3. Theory 
3.1. Disperse and polar interaction 
The adhesive energies between two solids immersed in a liquid are strictly connected to the surface energy of the 
participating materials. The surface energy of a material can be split up in several superimposed parts.  
ࢽ ൌ σࢽ࢏ (1) 
For non-metallic materials the splitting in a disperse ߛୢ  and a polar ߛ୮  surface energy is common [11,12], 
whereby the polar part is calculated as twice the geometric mean of the positive and negative surface energy. 
ࢽ ൌ ࢽ܌ ൅ ࢽܘ ൌ ࢽ܌ ൅ ૛ ڄ ඥࢽା ڄ ࢽି (2) 
The disperse ߛୱ୪ୢ  and polar ߛୱ୪୮  interfacial surface energy between the solid and liquid can be calculated with 
equations (3) and (4). This represents the sum of the cohesion inside the two interacting materials minus the 
adhesion between them.  
ࢽܛܔ܌ ൌ ࢽܛ܌ ൅ ࢽܔ܌ െ ૛ ڄ ටࢽܛ܌ ڄ ࢽܔ܌ 




The surface energies of the materials used in this study are listed in table 1.  
Table 1: Disperse, polar and overall surface energies of the used materials in mJ/m² 
taken from [9,13] 
Material ߛୢ ߛା ߛି ߛ 
Coated Al2O3  19.5 0 1.4 19.5 
Water  22.8 25.5 25.5 72.8 
Ethanol  18.8 0.019 68 21.1 
 
To calculate the interfacial energy between the solids and the used mixture of ethanol and water, the saturation of 
ethanol at the solid surface where the interaction takes place has to be known. The saturation of ethanol directly 
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above the solid surface can be described in correlation to the bulk concentration using a Langmuir approach (5). 
Thereby ݔ୉  is the mole fraction of ethanol in the bulk liquid and ܵ୉  the corresponding surface saturation with 
ܽ ൌ ͶͷǤͶ and ܾ ൌ ͳǤͲʹ as fitting parameters [14].  
ࡿ۳ ൌ
ࢇ ڄ ࢞۳
ࢇ ڄ ࢞۳ ൅ ૚ ڄ ࢈ 
(5) 
 
Assuming the Cassie/Baxter model, the surface energy should correlate linearly with the surface saturation of 
ethanol which leads to equation (6) for the overall surface energy [15]. The same equation is valid for the calculation 
of the interfacial surface energy between the mixture liquid and solid.  
ࢽܔሺࡿ۳ሻ ൌ ࡿࡱ ڄ ሺࢽ۳ െ ࢽ܅ሻ ൅ ࢽ܅ (6) 
In the case of a non-capillary interaction, the free energy of interaction ȟܩ is the superimposition of disperse and 
polar energies. The disperse free energy of interaction for two spheres of the same material immersed in a liquid can 
be calculated using the van der Waals approach (7). 
ઢࡳ܌ ൌ െ૝ ڄ ࣊ ڄ ࢽܛܔ܌ ڄ ࢒૙ ڄ ࢘כ (7) 
Thereby, ݈଴ is the minimum distance between the two solids which can be estimated with ݈଴ ൌ ͲǤͳͷ͹ for an 
unknown system [13,16]. The polar free energy of interaction is calculated by equation (8) whereby ߣ  is the 
characteristic decay length and can be approximated for water with  ߣ ൎ ͳ [13,17]. 
ઢࡳܘ ൌ െ૝ ڄ ࣊ ڄ ࢽܛܔܘ ڄ ࣅ ڄ ࢘כ (8) 
In both equations ݎכ is the mean radius of the interacting system calculated with equation (9). ݎଵ and ݎଶ are the 
radii of the two interacting spheres. In the case of an interaction between a sphere and a plate, one radius is infinite 
and the mean radius is twice of the sphere radius.  
࢘כ ൌ ૛ ڄ ࢘૚ ڄ ࢘૛࢘૚ ൅ ࢘૛  
(9) 
3.2. Capillary interaction 
The calculation of the free energy of capillary interactions can be done using the energetic approach [18]. With it 
the free energy of interaction is calculated from the amount of energy which is needed to create new surfaces as 
illustrated by figure 3.  
The dashed line represents the area ܣୗ of the spherical cap which gets wetted by the surrounding liquid during the 
retrace of the particle. At the same time, the lateral surface of the capillary meniscus ܣେ is formed to a nano-bubble 
with the new surface ܣ୒୆ represented by the dotted lines.  
Figure 3: Scheme of the capillary interaction in contact (left) and in non-contact (right) state. 
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ઢࡳ۱ ൌ ࢽܛ ڄ ࡭܁ ൅ ࢽܔ ڄ ࡭۱ െ ࢽܛܔ ڄ ࡭܁ െ ࢽܔ ڄ ࡭ۼ۰ (10) 
The calculation of the required areas in equation (10) can be found elsewhere in literature and will not be 
explained in this paper [18,19].   
4. Results 
Due to the high roughness of the used substrate wide-ranged distributions as shown in figure 4 are obtained. The 
dashed line represents the overall distribution in pure water as surrounding liquid. The capillary and non-capillary 
distributions are obtained by the division of the overall curve. One can see that non-capillary interactions lead to 
lower adhesive forces compared to capillary interactions. It also shows a large area where the distributions overlap 
which illustrates that - within a certain probability - a non-capillary interaction can have a higher adhesive energy 
than a capillary interaction. 
Figure 5 represents the probability of occurrence of the capillary and non-capillary kind of interaction correlated 
to the cosine of the wetting angle. In the case of pure water, the cosine of the wetting angle is ൎ െͲǤʹͷ and the 
probability of occurrence for non-capillary interaction is about 45 %. By the addition of ethanol to the surrounding 
liquid, the cosine is increased which leads to an increasing of non-capillary interactions which corresponds to 
theoretical considerations. Due to better wetting conditions the energetic driving power for the creation of nano-
bubbles, which are required for capillary interactions decreases. The correlation of the probability of occurrence to 
the cosine of the wetting angle seems to be linear which allows an empirical description within the measured range.  
 
Figure 4: Adhesive energy distributions calculated from the measured force / 
distance curves for pure water.  
Figure 5: The probability of occurrence of non-capillary and capillary 
interaction in correlation to the cosine of the wetting angle  
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One possible approach for the calculation of the adhesive energies in the case of non-capillary interactions is 
shown in figure 6. The red circles represent the mean values of the measured adhesive energy distributions for non-
capillary interactions correlated to the surface saturation of ethanol at the interface. If a log-normal distribution is 
used to describe the measured adhesive energies, the lower (black squares) and upper (blue triangles) bound of the 
standard deviation can be calculated. The dashed lines represent the theoretical calculation of these statistical values. 
Therefor the radius ݎଶ is used as fitting parameter which represents the radius of an asperity at the substrate surface. 
For the mean adhesive energy a radius of ݎଶ ൌ ͳǤʹͳɊ is obtained. The lower bound of the standard deviation leads 
to a radius of ݎଶ ൌ ͲǤʹ͸Ɋ while the upper bound results in ݎଶ ൌ ͺǤ͹ͷɊ . Related to the used substrate the 
calculated radii seem to be feasible but a direct correlation to the topography profile is not done yet.  
 
Figure 7 shows the statistical values of the adhesive energy distributions in the case of capillary interaction 
correlated to the surface saturation of ethanol. The dashed lines represent an exponential fitting of the statistical 
values of the measured adhesive energies. Below a surface saturation of ethanol of 50 % a good agreement can be 
achieved. At higher saturation levels a deviation between the fitting model and measurements occurs.  
 
A direct prediction of the obtained behavior is up to now not possible due to the high number of influence factors. 
Both, the surface energy of the liquid and the interfacial energy between the liquid and solids depend on the mole 
fraction of ethanol in the surrounding liquid. Changes in the mole fraction of ethanol have an effect on the size and 
occurrence of nano-bubbles at the surface before the contact happens. Furthermore the topography, roughness and 
inhomogeneity of the substrate and particle surface influence the size of nano-bubbles. 
 
Figure 6: Measured and calculated adhesive energies correlated to the surface 
saturation of ethanol 
Figure 7: Adhesive energies of capillary interactions correlated to the surface 
saturation of ethanol 
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 To validate the measured adhesive energies of the capillary interactions, a calculation of the nano-bubble size is 
possible. Therefore equation (10) is used with the following assumptions: 
 
x Equal volume of the meniscus and nano-bubble 
x Radius of the meniscus and nano-bubble stay constant at the substrate 
x Radius of the meniscus has a circular shape 
x Nano-bubble has the shape of a spherical cap 
 
Figure 8 illustrates the statistical values of the calculated nano-bubble radii. In general the calculated radii agree 
with radii reported in literature [20–22]. It also shows a decrease of the radius by an increasing surface saturation of 
ethanol. This is in contrast to literature where the size of nano-bubbles increase with higher ethanol fractions in the 
liquid [23]. The authors explain this behavior with coalescence of the nano-bubbles at higher ethanol concentrations 
which is not possible if a highly rough substrate is used. In this case, the contact line of the bubble is pinned at edges 
and inhomogeneities of the surface. This will suppress the coalescence and the size of nano-bubbles stay constant. 
5.  Conclusion 
The study shows the occurrence of capillary and non-capillary interactions at highly rough surfaces in correlation 
with the wetting behavior. It illustrates that improved wetting leads to a decrease of capillary and an increase of non-
capillary interactions. In general the adhesive energy of both kinds of interaction will decrease with an increased 
surface saturation of ethanol which is similar to an improved wetting behavior. In the case of non-capillary 
interactions, the adhesive energy can be calculated by the use of disperse and polar energies regarding the van Oss 
theory. In contrast, the adhesive energy of capillary interactions cannot be predicted by a theory up to now due to the 
higher number of influence factors.  
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